Introduction
The prevalence of childhood obesity has increased greatly during the past three decades in most industrialized countries [1] . Childhood obesity often has serious consequences, including insulin resistance, diabetes, hypertension, dyslipidemia, fatty liver disease and psychosocial complications [2] . Furthermore, childhood and adolescent obesity is associated with increased risk of cardiovascular disease in adulthood [3, 4] .
Similar to adults, the prevalence of hypertension in children is threefold higher in obese children than in non-obese children [5] . In adults, hypertension has been associated with insulin resistance and hyperinsulinemia [6] . In children, some studies suggest that low insulin sensitivity (IS) is a predictor of high blood pressure (BP) [7] . As high BP is associated with higher body mass index (BMI) [8] and higher adiposity [9, 10] , it is not clear if the relationship between IS and BP is a consequence of obesity and/or body fat distribution, or is a direct relationship. Additionally, adiponectin, an adipose tissue-derived protein with insulin-sensitizing and antiatherogenic properties, has been associated with BP in adults [11] [12] [13] and adolescents [14, 15] .
Therefore, we aimed (1) to examine the relationship between BP, under controlled research conditions, and in vivo IS (measured with the hyperinsulinemic-euglycemic clamp) and circulating adiponectin levels in nondiabetic overweight and obese white adolescents, and (2) to determine whether or not these relationships are driven by adiposity [BMI, percentage body fat (%BF), visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT)].
Subjects and Methods
Participants consisted of 65 white pubertal overweight and obese but otherwise healthy youths, aged 9 to ! 18 years, who were recruited through newspaper advertisements and fliers posted on bus routes, the university campus and children's recreational areas in Pittsburgh. Exclusion criteria included diabetes and the use of medications that influence glucose, BP or lipid metabolism. Studies took place at the Children's Hospital of Pittsburgh NIHfunded Pediatric Clinical and Translational Research Center (PCTRC) after institutional review board approval. Participants and their parents gave written informed consent. The participants' health was assessed by medical history, physical examination, and routine hematological and biochemical studies. Pubertal development was assessed using Tanner criteria.
Body weight and height were measured in the PCTRC using standardized equipment. Overweight was defined as BMI percentile 6 85 to ! 95 and obesity as BMI percentile 6 95 for age and gender.
Blood Pressure Measurement
Participants were admitted to the PCTRC the afternoon before the morning of the clamp experiment. The appropriate cuff size was chosen to cover two-thirds of the length of the upper arm. Measurements were performed as reported by us before [16] with an automated sphygmomanometer (Dinamap Procare 400; GE Healthcare, Waukesha, Wisc., USA) every 10 min for 1 h between 06: 00 and 07: 00 a.m. while the patients were resting in the recumbent position in bed. The mean of seven measurements during the hour was the outcome for statistical analysis.
All 65 youths had a computed tomography to determine abdominal and subcutaneous adiposity, and a dual energy X-ray absorptiometry to assess body composition, as described previously [17] . All participants underwent a 3-hour hyperinsulinemic-euglycemic clamp after 10-12 h of overnight fasting. Briefly, intravenous crystalline insulin (Humulin; Lilly, Indianapolis, Ind., USA) was infused at a constant rate of 80 mU·m -2 ·min -1 and plasma glucose was clamped at 100 mg/dl with a variable rate infusion of 20% dextrose as described by us before [17] .
Biochemical Measurements
Plasma glucose was measured using a glucose analyzer (YSI, Yellow Springs, Ohio, USA), and insulin concentrations were measured by radioimmunoassay [17] . Adiponectin was measured using a commercially available radioimmunoassay kit (Linco Research, St. Louis, Mo., USA). The intra-and interassay coefficients of variation were 3.6 and 9.3% for low and 1.8 and 9.3%, respectively, for high serum concentrations, as reported by us [18] .
Calculations
Insulin-stimulated glucose disposal was calculated using the average exogenous glucose infusion rate during the final 30 min of the clamp [17] . IS was calculated by dividing the insulin-stimulated glucose disposal rate by steady-state plasma insulin concentrations during the last 30 min of the clamp multiplied by 100, as described previously [17] .
Statistical Analysis
To assess the relationship between BP, IS and adiponectin, bivariate Pearson's or Spearman's correlations were used depending on data distribution. Partial correlation analysis was used to adjust for adiposity measurements (BMI, %BF, VAT and SAT). The relationship between IS and BP was examined through multiple linear regression analysis in five separate models (see table 2 ). All models were adjusted for height, sex, age and Tanner stage. The first model tested the relationship of IS with systolic BP (SBP) without adjustment for weight or body composition. In models 2-5, in order to adjust for weight or body composition parameters, BMI, %BF, VAT and SAT were added as independent variables, respectively. Finally, to determine the independent contribution of adiponectin to SBP (see table 3), adiponectin was added as an independent variable to the regression models used in table 2. All statistical assumptions were met. Data are presented as mean 8 SD unless otherwise indicated. Statistical significance was set at p ! 0.05. The statistical analysis was done using PASW Statistics, Version 18 (SPSS Inc., Chicago, Ill., USA).
Results

Subjects' Clinical, Physical and Biochemical Characteristics
A total of 65 healthy overweight and obese white adolescents were studied. The participants' clinical characteristics, body composition, metabolic profile and BP measurements are depicted in table 1 .
Blood Pressure and Insulin Sensitivity
IS correlated inversely with SBP (r = -0.324; p = 0.008). However, the significance of this association disappeared after adjustment for any of the adiposity measurements (BMI, %BF, VAT and SAT) ( fig. 1 ) . IS did not correlate with diastolic BP (DBP) (r = 0.020; p = NS). Fasting insulin and fasting glucose/insulin ratio, as surrogate markers of IS, did not correlate with SBP or DBP (data not shown). To determine the independent contribution of IS to SBP, five multiple linear regression analyses were performed ( table 2 ). All models were adjusted for height, sex, age and Tanner stage. Without adjustment for body composition parameters, IS showed an independent relationship to SBP. However, the significance of this relationship disappeared when adjusting for BMI, %BF, VAT or SAT, since BMI, %BF and VAT are independent predictors of SBP ( table 2 ). Correlation between circulating adiponectin levels ( g/ml) and a SBP and b DBP (mm Hg) before and after adjustment for adiposity measurements (BMI, %BF, VAT and SAT). 
Blood Pressure and Adiponectin
In univariate analysis, adiponectin levels correlated inversely with both SBP (r = -0.496; p ! 0.001) and DBP (r = -0.274; p = 0.037) ( fig. 2 ) . After adjustment for height, sex, age, Tanner stage and IS, circulating adiponectin levels showed a significant relationship to SBP independent of adiposity measurements (BMI, %BF, VAT and SAT) ( table 3 ), but not to DBP (data not shown). Pulse pressure (SBP-DBP) and mean BP (2/3 DBP + 1/3 SBP) did not correlate with IS or adiponectin (data not shown).
Discussion
The present study advances previous observations of the relationship between IS and BP by demonstrating that adiposity is an important determinant underlying the observed relationship between IS and SBP. Also, the present study demonstrates the relationship of circulating adiponectin levels with SBP independent of adiposity in white overweight adolescents.
Few studies have assessed the relationship between IS and BP in children. Most of them have used estimates of IS, like fasting insulin [19, 20] , or the homeostasis model assessment of insulin resistance (HOMA-IR) [21] . One study used the minimal model with a tolbutamide-modified glucose tolerance test [7] and another used the clamp technique [22] , but neither had evaluation of abdominal fat distribution. Although in some studies the association between IS and BP seems to be independent of body composition [7] , other studies suggest that it may be mediated through body fat [22, 23] . Cruz et al. [7] studied 101 prepubertal white and black children, and reported an association between IS and SBP and DBP after adjustment for lean and fat mass measured with dual energy X-ray absorptiometry. In contrast, Sinaiko et al. [22] did not find an independent association between IS, measured with the euglycemic insulin clamp, and BP in 357 white and black adolescents. Further, their observed association between fasting insulin and SBP disappeared after adjustment for BMI. These contrasting findings could stem from differences in study population, extent of adiposity and the method for IS measurement (hyperinsulinemiceuglycemic clamp vs. IS estimates) or BP measurement (an average of two single measurements [7, 22] vs. ambulatory BP monitoring [15, 21] ). Lurbe et al. [21] recently reported a higher morning SBP in the highest HOMA-IR tertile in a group of 87 overweight and obese children and adolescents. They suggested an added impact of obesity and insulin resistance on morning SBP, although in their study, consistent with our findings, the relationship between the surrogate estimates of IS (fasting insulin and HOMA) and morning SBP disappeared (p = 0.06) after adjustment for waist circumference, a correlate of VAT [24] . In the present study, consistent with the data of Sinaiko et al. [22] , we show that in vivo IS, measured with the hyperinsulinemic-euglycemic clamp, is not related to SBP independent of adiposity in white overweight adolescents.
Several mechanisms could explain the relationship between adiposity and SBP including sodium retention, increased sympathetic nervous system activity, activation of renin-angiotensin-aldosterone and altered vascular function [25] . In our study, VAT was an independent predictor of SBP, in accordance with other studies that suggest that centrally located body fat is a more important determinant of BP elevation than peripheral body fat [26] . VAT is thought to play an important role in the expression of the metabolic complications of obesity due to its unique position with respect to portal circulation and its secretary function for various bioactive substances [27] . Consistent with our observation of VAT being an independent predictor of SBP, others have shown similar associations between VAT and BP in obese Korean [9] and white Canadian adolescents [10] . Furthermore, our present findings are in agreement with our previous observations of waist circumference being a determinant of the metabolic syndrome in childhood irrespective of the definition used [28, 29] .
Data with respect to the relationship between adiponectin and BP are limited and controversial. Several studies in adults have shown an independent contribution of adiponectin to BP [11] [12] [13] . In pediatrics, an independent inverse association between adiponectin levels and BP has been shown in obese adolescents [15] and in nonobese female adolescents [14] . On the other hand, other studies which included prepubertal children did not show this association in a school-based sample of FrenchCanadian children and adolescents [30] or in a multiethnic cohort of obese children and adolescents [31] . In our study, we found that adiponectin, independent of adiposity (BMI or %BF or VAT or SAT), has a significant inverse relationship with SBP.
Some studies in mice suggest that adiponectin is protective against hypertension through an endothelial-dependent mechanism [32] . Moreover, recently it was demonstrated in humans that adiponectin derived from perivascular adipose tissue regulates contractile vascular tone by increasing nitric oxide bioavailability, and this capacity is lost in obesity by the development of adipocyte hypertrophy, leading to hypoxia, inflammation, and oxidative stress [33] . Thus, the observed inverse relationship between adiponectin and SBP in our study could be a manifestation of a potential regulatory role of adiponectin on BP through one or more of these mechanisms.
The strength of our study is the methodology of assessing in vivo IS using the hyperinsulinemic-euglycemic clamp, considered the gold standard, and abdominal computed tomography for an accurate and direct measurement of VAT, a major culprit of obesity-related health risks. Further, we believe that the careful and standardized measurement of the BP in the present study, taken over an hour with the subjects in the supine position resting after careful acclimatization to the hospital setting, is another strength. However, others may view this differently that our BP values cannot be compared to other studies where BP was measured under different conditions.
The cross-sectional design, the relatively small sample size of the population and the lack of estimates of renal function (a determinant of BP) are limitations of our study. Also, as the present study was conducted in Caucasian subjects only, the relationships between BP, IS and adiponectin may differ in other ethnic groups.
In conclusion, our findings in overweight adolescents do not demonstrate a direct relationship between in vivo IS and BP, as proposed in the context of the metabolic syndrome, which implies that insulin resistance is the driving force for the metabolic syndrome components [34] . Rather, this relationship appears to be mediated through adiposity. A direct relationship between IS and BP could possibly exist in normal weight youths, but becomes overshadowed when obesity develops. The observed relationship between adiponectin and BP independent of adiposity and body fat distribution would suggest a potential modulatory role of adiponectin in BP regulation. The present observations should be pursued further to investigate if the relationships between BP, IS and adiponectin are similar in normal weight youths and/or weight reduction and decreases in visceral adiposity translate to improvement in BP independent of changes in adiponectin. Also, our and others' findings provide a strong impetus for obesity intervention and prevention efforts to lessen the health burden of obesity-driven hypertension in pediatrics, and the future cardiovascular disease risk, the leading cause of morbidity and mortality in this millennium [35] .
